Malaria infections of mammals are initiated by the transmission of Plasmodium salivary gland sporozoites during an Anopheles mosquito vector bite. Sporozoites make their way through the skin and eventually to the liver, where they infect hepatocytes. Blocking this initial stage of infection is a promising malaria vaccine strategy. Therefore, comprehensively elucidating the protein composition of sporozoites will be invaluable in identifying novel targets for blocking infection. Previous efforts to identify the proteins expressed in Plasmodium mosquito stages were hampered by the technical difficulty of separating the parasite from its vector; without effective purifications, the large majority of proteins identified were of vector origin. Here we describe the proteomic profiling of highly purified salivary gland sporozoites from two Plasmodium species: human-infective Plasmodium falciparum and rodent-infective Plasmodium yoelii. The combination of improved sample purification and high mass accuracy mass spectrometry has facilitated the most complete proteome coverage to date for a pre-erythrocytic stage of the parasite. A total of 1991 P. falciparum sporozoite proteins and 1876 P. yoelii sporozoite proteins were identified, with >86% identified with high sequence coverage. The proteomic data were used to confirm the presence of components of three features critical for sporozoite infection of the mammalian host: the sporozoite motility and invasion apparatus (glideosome), sporozoite signaling pathways, and the contents of the apical secretory organelles. Furthermore, chemical labeling and identification of proteins on live sporozoites revealed previously uncharacterized complexity of the putative sporozoite surface-exposed proteome. Taken together, the data constitute the most comprehensive analysis to date of the protein expression of salivary gland sporozoites and reveal novel potential surface-exposed proteins that might be valuable targets for antibody blockage of infection. Molecular & Cellular
Malaria, a disease caused by eukaryotic parasites of the genus Plasmodium, causes hundreds of millions of clinical cases and kills approximately 1 million people annually WHO. World malaria report. 2011. http://www.who.int (last accessed 11 December 2012). Plasmodium is transmitted to humans by infected female anopheline mosquitoes seeking a blood meal, which results in the release of mosquito saliva and sporozoites into the skin (1) . Sporozoites leave the bite site, enter the blood stream, and are transported to the liver where they invade hepatocytes. Sporozoites transform into liver stages that grow, mature, and release exo-erythrocytic merozoites, which enter the blood stream and invade erythrocytes (2, 3) . The erythrocytic stages of the infection lead to all clinical symptoms and disease. The sporozoite and liver stages of infection are asymptomatic, constitute population bottlenecks in the life cycle, and thus are perceived as important drug and vaccine targets (4) . Indeed, irradiated and genetically attenuated sporozoites (lacking genes critical for liver stage development) are powerful immunogens that confer sterile protection against malaria infection (5) . Animal model data show that these attenuated sporozoites exhibit normal behavior in that they infect the liver, but then they arrest during liver stage development. Exposure to extracellular sporozoites provokes antibody responses, and the subsequent intrahepatocytic liver stages are thought to result in the presentation of intracellular antigens to the host immune system that elicit a CD8ϩ T cell response against infected hepatocytes (6 -11) . However, achieving complete sterile protection against malaria infection with sporozoite and liver-stage-based subunit vaccines has so far proven an elusive goal.
The subunit vaccine candidate RTS,S, which contains part of the major sporozoite surface protein, circumsporozoite protein (CSP), 1 has been tested in phase III trials and has shown partial efficacy (12, 13) . The RTS,S trial results highlight the need to identify additional antigen targets for inclusion in a next-generation malaria vaccine. Recently, a virally vectored platform of immunization has shown that recombinant chimpanzee adenovirus and modified vaccinia virus Ankara encoding thrombospondin-related adhesion protein (TRAP), a sporozoite-and early liver stage parasite-expressed antigen, can induce potent immune responses (6) . In preclinical studies, this prime-boost platform induced substantial protection that depended on the induction of a potent CD8ϩ T cell effector memory response directed against liver stage parasites (6) . The partial success of sporozoite protein subunit vaccine candidates and the sterilizing protection model of whole sporozoite vaccination can be further built upon in order to ultimately achieve complete sterilizing protection against malaria infection with a multivalent subunit vaccine. To aid this, a thorough assessment of the Plasmodium sporozoite protein arsenal is needed so that the best candidates can be identified and evaluated.
Proteomic analysis via mass spectrometry, although a wellestablished and routine technique, has yet to define complete proteomes in single experiments. However, given a sufficient sample and access to state-of-the-art instrumentation, upwards of 50% complete proteomes (e.g. 68% of yeast (14) and 51% of human (15) (16) (17) proteomes) can be determined with a reasonable amount of effort. A major obstacle to proteomic analysis of the Plasmodium parasite pre-erythrocytic stages is the difficulty of separating the parasites from vector or host material. The presence of excessive contaminating protein can overwhelm chromatographic column capacity and mass analyzer duty cycles, thereby limiting the number of parasite proteins that can be observed in this large dynamic range of host versus parasite protein abundance. In a study of P. falciparum mosquito stages, Lasonder et al. (18) reported that mosquito proteins made up between 65% and 89% of the samples analyzed. Despite significant effort, only 728 mosquito stage parasite proteins were identified (71.8% with multiple peptides), which constitutes ϳ13% of the total protein coding capacity of P. falciparum's genome. Florens et al. (19) reported 1048 P. falciparum salivary gland sporozoite protein identifications (ϳ19% of P. falciparum ORFs), but only 30.0% of those were identified by multiple peptides. Florens et al. did not discuss the presence of vector material in the sample, but they did report requiring the combined protein content of five separate sporozoite preparations. A proteomic study of P. berghei by Hall et al. (20) reported only 134 salivary gland sporozoite protein identifications (78.3% identified by multiple peptides), despite finding a total of 1836 proteins across the P. berghei life cycle. Although the success of any proteomic profiling experiment is directly linked to the purification technique used and access to state-of-the-art mass analyzers, the limited success of the above-described efforts suggests that more complete proteomic characterization of Plasmodium salivary gland sporozoites will depend even more heavily upon optimized sample preparation and purification.
In this work we employed a high-resolution LTQ Orbitrap Velos mass analyzer coupled to nano-liquid chromatography (nanoLC) for the identification of proteins present in highly purified salivary gland sporozoites of both the human-infective P. falciparum and rodent-infective P. yoelii species. In addition to surveying the total salivary gland sporozoite proteome, we also identified factors and features of parasite motility and invasion processes and labeled live salivary gland sporozoites to capture and identify putative proteins present on their surface. Using our improved purification techniques for the removal of mosquito debris, we have achieved the most complete proteome coverage yet reported for a preerythrocytic stage of Plasmodium, and herein we identify novel, putative sporozoite surface protein candidates.
EXPERIMENTAL PROCEDURES
Experimental Animals and Parasite Production-Six-to eightweek-old female Swiss Webster mice from Harlan (Indianapolis, IN) were used for the production of wild-type P. yoelii 17XNL (Py17XNL) (a non-lethal strain) blood stage parasites. Animal handling was conducted according to protocols approved by the Institutional Animal Care and Use Committee at Seattle Biomedical Research Institute. Transgenic Py17XNL parasites with a C-terminal 4xmyc tag attached to PY01024 (PlasmoDB Accession No. PY01024) were created by means of standard single-crossover reverse genetics approaches (21) . Transgenic Py17XNL parasites with a C-terminal triple HA tag attached to PY00899 (PlasmoDB Accession No. PY00899) were created via standard double-crossover reverse genetics approaches. Py17XNL wild-type and transgenic parasites were cycled between Swiss Webster mice and Anopheles stephensi mosquitoes. Infected mosquitoes were maintained on 10% w/v dextrose solution at 24°C and 70% humidity. Salivary gland sporozoites were isolated via micro-dissection 14 days after the consumption of an infectious blood meal.
P. falciparum (NF54 strain) cultures were maintained in vitro through infections of Oϩ erythrocytes grown in RPMI 1640 supplemented with 50 m hypoxanthine, 25 mM HEPES, 2 mM L-glutamine, and 10% Aϩ human serum in a gas mixture consisting of 5% CO 2 , 5% O 2 , and 90% N 2 . Gametocyte cultures were initiated at 5% hematocrit and 0.8% to 1% parasitemia and were maintained for up to 17 days with daily media changes. Adult female An. stephensi mosquitoes (3 to 7 days post-emergence) were collected into meshtopped, wax-lined pots and were allowed to feed through Parafilm for up to 20 min upon gametocyte cultures at 40% hematocrit containing fresh Aϩ human serum and Oϩ erythrocytes. Infected mosquitoes were maintained for up to 19 days at 27°C and 75% humidity and were provided with an 8% w/v dextrose solution in 0.05% w/v PABA water. Salivary gland sporozoites were isolated via micro-dissection 14 to 19 days after the blood meal.
Sporozoite Purification-For the identification of salivary gland sporozoite surface-exposed proteins, salivary gland sporozoites were purified on a 17% w/v Accudenz (in ddH 2 O) cushion via centrifugation at 2500g for 20 min (22) . For determination of the total salivary gland sporozoite proteomes, salivary gland sporozoites coated with BSA on ice were purified via passage through DEAE-cellulose (for P. yoelii) or were first purified over an Accudenz cushion and then coated with BSA on ice and passed through DEAE-cellulose (for P. falciparum) (23) . Purified salivary gland sporozoites were pelleted and stored at Ϫ80°C until processed further.
Indirect Immunofluorescence Assay-Salivary gland sporozoites were processed for an indirect immunofluorescence assay essentially as described in Ref. 24 . Briefly, sporozoites were air dried onto glass slides, fixed with 10% v/v formalin, permeabilized by 0.1% v/v Triton X-100, and blocked in a 3% w/v BSA solution (all diluted in 1xPBS). Samples were then stained at room temperature in blocking solution with primary antibodies (rabbit anti-c-myc (Santa Cruz Biotechnology, Santa Cruz, CA, catalog no. SC-789), 1 g/ml final concentration; rabbit anti-HA (Santa Cruz Biotechnology, catalog no. sc-805) diluted 1:400; mouse anti-PyCSP (clone 2F6) (25) ; mouse anti-PyRON4 (clone 48F8) (26) ; Alexa Fluor-conjugated secondary antibodies specific to mouse or rabbit IgG (Alexa Fluor 488 and 594 (Invitrogen), respectively)) and 4Ј,6-diamidino-2-phenylindole (DAPI), which labels A-T rich regions of DNA. Samples were covered with VectaShield (Vector Laboratories, Burlingame, CA) and sealed under a coverglass slip. Fluorescent and differential interference contrast images were acquired using a DeltaVision Spectris RT microscope (Applied Precision, Issaquah, WA) using a 100ϫ oil objective and were deconvolved using the softWoRx software package.
Biotinylation and Western Blot Detection of Putative Sporozoite Surface-exposed Proteins-Salivary gland sporozoites (4 ϫ 10 6 to 6 ϫ 10 6 ) purified over an Accudenz cushion were washed in cold 1xPBS (pH 8.0 at 4°C) and incubated with 2 mM EZ-Link ® Sulfo-NHS-LC-Biotin (Thermo Scientific) for 30 min at room temperature. The biotinylation reaction was quenched by glycine added to a final concentration of 100 mM. Sporozoites were further washed in 100 mM glycine in cold 1xPBS (pH 8.0 at 4°C) and were lysed for 1 h on ice in a solution comprising 0.1% SDS, 4 M urea, 150 mM NaCl, 50 mM Tris-HCl (pH 8.0 at 22°C), and protease inhibitors (Complete Mini, Roche). The lysate was centrifuged at 16,300g for 10 min at 4°C to pellet cell debris. The supernatant was diluted 10-fold with a solution identical to that described above, but without urea. The lysate was incubated with Dynabeads ® MyOne™ Streptavidin T1 (Invitrogen) for 1 h at 4°C with end-over-end rotation. The beads were then washed in 0.1% SDS, 400 mM urea, 150 mM NaCl, and 50 mM Tris-HCl (pH 8.0 at 22°C). Proteins were eluted from the beads by boiling them for 5 min in 1x Sample Buffer (25 mM Tris (pH 6.8 at room temperature), 2.5% w/v SDS, 2.5% v/v glycerol, 0.08% w/v bromphenol blue, and 5% beta-mercaptoethanol (added fresh immediately before use)). Proteins were assessed for biotinylation via western blotting using standard methods with streptavidin-conjugated horseradish peroxidase (HRP) or antibodies against PyCSP (monoclonal, 2F6) or PfCSP (monoclonal, 2A10) with an HRP-conjugated anti-mouse IgG secondary antibody. All samples were visualized by means of enhanced chemiluminescence (SuperSignal West Pico, Thermo Scientific). Samples were stored at Ϫ20°C until processed further via mass spectrometry.
Sample Fractionation via One-dimensional SDS-PAGE and In-gel Tryptic Digestion-Whole cell lysates were prepared from ϳ10 7 P. yoelii or P. falciparum purified salivary gland sporozoites. The frozen sporozoite pellet was thawed on ice, loosened through vortexing, and lysed by the addition of an equal volume of 2x Sample Buffer and heating at 70°C for 5 min. Purified salivary gland sporozoites or the isolated surface-exposed proteins were electrophoresed through a 4%-20% SDS-polyacrylamide gel at 180 V for 30 to 40 min at 22°C. Gels were post-stained with Imperial Stain (Thermo Scientific) and destained in double-deionized H 2 O. The in-gel tryptic digestion of proteins was automated (see supplemental material) with a TECAN Freedom Evo (Mä nnedorf, Switzerland). The whole cell lysate gels were cut into 16 or 21 fractions and analyzed via LC-MS/MS in triplicate. The surface-exposed protein gels were cut into four fractions and analyzed via LC-MS/MS in duplicate.
LC-MS-Peptide separation was performed on capillary columns packed in-house with C18 (ReproSil-Pur C18-AQ, 120 Å, 3 m; Dr.
Maisch, Ammerbuch-Entringen, Germany). Injected samples were first washed on a trap column prior to being loaded on the separation column. The sample was separated by a linear gradient changing from 95% A (0.1% v/v formic acid in water) and 5% B (0.1% v/v formic acid in acetonitrile) to 65% A and 35% B over 60 or 90 min. The mass analyzer was a Thermo Fisher Scientific LTQ Orbitrap Velos or LTQ Orbitrap Elite Velos Pro.
Peak List Generation-Raw mass spectra were converted to .mzXML format using MSConvert (27) 4 Da in X!Tandem. Fragment ion mass tolerance is not specified in SEQUEST. Peptides were assumed to be semi-tryptic with up to two missed cleavages allowed. The search parameters included a static modification of ϩ57.021464 Da at C for carbamidomethylation by iodoacetamide and potential modifications of ϩ15.994915 for oxidation at M. Additionally, X!Tandem automatically searched for potential modifications of Ϫ17.026549 Da for deamidation at N-terminal Q and Ϫ18.010565 Da for loss of water at N-terminal E from the formation of pyro-Glu, as well as Ϫ17.026549 Da at N-terminal carbamidomethylated C for deamidation from the formation of S-carbamoylmethylcysteine. For surface-exposed proteins, a potential modification of ϩ339.161662 at K was added for the biotin tag. MS/MS data were analyzed using the Trans-Proteomic Pipeline (31), version 4.5 Rev.2. Peptide spectrum matches (PSMs) generated by each search engine were analyzed separately with Peptide Prophet to assign each PSM a probability of being correct. The Peptide Prophet scores for a given analysis (e.g. all X!Tandem and SEQUEST results of all the injections of all gel fractions of one sporozoite lysate) were then combined in iProphet (32) . Protein identifications were inferred with Protein Prophet (33) . If multiple proteins were inferred at equal confidence by a set of peptides, the inference was counted as a single identification, and all relevant protein IDs were listed. The false positive error rate of protein identifications was estimated as the fraction of decoy protein inferences found above a given Protein Prophet probability cut-off. Only proteins identified at Protein Prophet probabilities corresponding to a false positive error rate of less than 1.0% were reported.
Spectral Counting-A normalized spectral abundance factor (NSAF) was calculated for Plasmodium proteins in order to provide an estimate of the relative abundance of proteins within a proteome and between the two Plasmodium species (34) . The initial spectral count for a given protein was taken as the number of PSMs used by Protein Prophet to make the protein inference. The spectral abundance factor for each protein was calculated by dividing the spectral count by the protein's length. The NSAF for each Plasmodium protein was calculated by dividing its spectral abundance factor by the sum of all Plasmodium spectral abundance factors for that species.
RESULTS
Total Sporozoite Proteome Determination-NanoLC coupled to a high-resolution mass spectrometer was used to obtain the most comprehensive proteomic coverage to date of P. falciparum and P. yoelii salivary gland sporozoites. The numbers of PSMs and unique stripped peptides (peptides with unique sequence regardless of charge state or modifications) reported below reflect peptides with iProphet probabilities estimated to correspond to a false positive error rate of less than 1%. All protein identifications reported here were identified at Protein Prophet probabilities corresponding to a decoy-estimated false positive error rate of less than 1%. A complete list of all peptide spectrum matches and inferred protein identifications is provided in the supplemental information (supplemental Tables S1-S4 ). The data associated with this manuscript are available for download from PeptideAtlas (select P. falciparum and P. yoelii) (35) and have been used to create the first PeptideAtlas built for Plasmodium species in order to facilitate future malaria proteomic efforts. The data associated with this manuscript may also be downloaded from the Proteome Commons Tranche using the following hash: 7egFn9UV4wwUoNIvIF0zSs8Wwe1PcBrOb-DyUduwrGo83WW5ϩ87l2ZZXuNoQhiiv9weoizb0cFXYmI1-OUlbEHevk8VpYAAAAAAAKXbAϭϭ.
Approximately 10 7 sporozoites of P. yoelii and P. falciparum were fractionated by means of one-dimensional SDS-PAGE and analyzed via nanoLC-MS/MS in triplicate. Despite the variability in protein recovery and sporozoite purification between the P. yoelii and P. falciparum preparations (Table I) , the total number of Plasmodium-specific PSMs obtained for the two species was within 26%. An NSAF based on spectral counting was calculated for each Plasmodium protein in order to provide an estimate of the relative abundance of a protein within a proteome, as well as between the P. falciparum and P. yoelii proteomes (34, 36) . Analysis of P. falciparum salivary gland sporozoite whole cell lysate yielded 120,668 PSMs and 19,440 unique stripped peptides unique to Plasmodium. A total of 1991 P. falciparum proteins were identified (86.6% identified by multiple peptides), 36 .0% of 5524 annotated ORFs. Of these identified proteins, 64.2% were not previously identified in proteomics efforts with P. falciparum salivary gland sporozoites (supplemental Fig. S1A ) (18, 19) . Additionally, 49.5% of the identified proteins were not detected in a recent asexual blood stage proteome of similar complexity (supplemental Fig. S1B ) (80) . Mass spectra obtained from triplicate nanoLC-MS/MS analysis of a one-dimensional SDS-PAGE-fractionated P. yoelii salivary gland sporozoite whole cell lysate were searched separately against a P. yoelii database and a database for P. berghei, a rodent-infective Plasmodium species that is closely related to P. yoelii. The P. yoelii database suffers from suboptimal genome sequence coverage and gene annotation (30) ; therefore the more complete P. berghei database was searched for possible orthologs to augment the data set. The P. yoelii search yielded 89,752 PSMs, 14,523 unique stripped peptides, and 1749 parasite-specific protein identifications (89.8% identified by multiple peptides). The P. berghei search yielded 64,200 PSMs, 9631 unique stripped peptides, and 1466 parasite-specific protein identifications (86.0% identified by multiple peptides). From this search of the P. berghei database, 127 proteins were confidently identified whose orthologs were not identified from the search of the P. yoelii database (supplemental Table S3 ). Combining the P. yoelii and P. berghei search results yielded a total of 1876 protein identifications (88.2% identified by multiple peptides), 23 .5% of 7983 manually curated ORFs.
Several noteworthy findings arose from the P. falciparum and P. yoelii proteomic datasets. First, a high overlap of orthologous genes was detected from both species (71.9% of P. falciparum proteins overlap with P. yoelii proteins; 78.9% of P. yoelii proteins overlap with P. falciparum proteins). Also, many well-characterized sporozoite proteins were detected, including those involved in gliding motility (e.g. TRAP, myosin A, GAP50, inner membrane complex (IMC) proteins), cell traversal (e.g. SPECT, SPECT2, CelTOS), and hepatocyte invasion (e.g. CSP, TRAP, SIAP-1, P52, P36), which are described in further detail below. Proteins that were expected to be highly expressed in sporozoites (e.g. CSP, TRAP, SIAP, AMA1, and SPECT2) (37) were found to be among the proteins with the highest NSAF values (supplementary Table S1 ). Interestingly, when compared to a list of genes found by means of targeted subtraction hybridization and microarray assays to be up-regulated in infectious sporozoites (UIS) (38, 39) , our analysis of sporozoites identified the corresponding proteins for less than half of the UIS genes: 58/124 (46.8%) for P. falciparum and 54/124 (43.5%) for P. yoelii (44 UIS proteins were detected in both species). Several of the UIS proteins that were not detected in our data set are critical for the liver stage of infection that follows the sporozoite stage, which could indicate that a significant proportion of these UIS transcripts are translated only after sporozoite transmission (40) . Finally, an unexpectedly large number of uncharacterized, conserved proteins without predictable functional domains were also detected in high abundance (supplemental Table  S1 ).
Sporozoite Purity is a Major Determinant of Proteome Detection-The purification protocols described here signifi-TABLE I

Summary of protein discovery results
The total number of unique peptide spectrum matches (PSM), unique stripped peptides (unique peptide sequence disregarding variable modifications and charge state), and unique proteins identified are given for each of the nanoLC-MS experiments described here. The percent composition of each protein source (e.g. Plasmodium, mosquito, etc.) is given. Entries labeled as "Chimera" are peptides or protein inferences that correspond equally well to distinct proteins from different genera (e.g. both mosquito and Plasmodium). The row labeled "Contaminants" indicates the portion of the sample identified as common lab contaminants (e.g. keratin). Trypsin and BSA are listed separately from other contaminants because they are endogenous interferants rather than exogenous contaminants. The P. yoelii spectra were searched separately against a P. yoelii database and a P. berghei database. Two separate P. falciparum whole cell lysates were analyzed. The proteins identified by the second attempt constitute the P. falciparum proteome described in this paper. 
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cantly reduced the presence of mosquito debris in the sample (Table I) . For instance, 63% of the PSMs from the P. yoelii salivary gland sporozoite whole cell lysate were for Plasmodium proteins, whereas only 11% were for Anopheles proteins. Because of the technical requirement of coating the parasites in BSA for the chromatographic purification approach, BSA was a significant additional source of contamination, accounting for 15% of PSMs. However, our use of one-dimensional SDS-PAGE fractionation for these samples restrained the majority of BSA-specific peptide spectra to two gel fractions (Fig. 1) . Illustrating the importance of sample purity for protein discovery, our initial attempt to analyze P. falciparum salivary gland sporozoite whole cell lysate yielded only 861 Plasmodium-specific proteins, despite the fact that it was analyzed in a fashion essentially identical to that used for P. yoelii (data not shown). Only 20% of the peptide spectrum matches were for Plasmodium proteins, and 70% were for mosquito proteins, despite the fact that the total number of peptide spectrum matches for the experiment was significantly greater than for the comparable P. yoelii experiment. The P. falciparum whole cell lysate data presented here were generated from a subsequent attempt in which greater care was taken to minimize the amount of mosquito debris by purifying the parasites first on a 17% w/v Accudenz cushion (22) and then via DEAE-cellulose chromatography. The Plasmodium portion of peptide spectrum matches was increased to 65%, and the mosquito portion was decreased to 20%. Only 7 of the 861 Plasmodium proteins identified in the first attempt were not among the 1991 proteins identified in the second attempt, and each of these 7 proteins was identified from only a single peptide.
The Sporozoite Glideosome-Invasive forms of apicomplexan parasites use a complex molecular motor (termed the glideosome) to move via gliding motility, traverse cells, and invade host cells for subsequent life cycle progression (41) . Salivary gland sporozoites actively seek the host vasculature upon deposition in the skin and traverse multiple hepatocytes prior to the productive infection of a single hepatocyte (reviewed in Ref. 42 ). However, delineation of the sporozoite glideosome has not been attempted, and few components of the glideosome have been experimentally verified in sporozoites (43) . Making use of the high number of glideosomeassociated proteins known from blood stage parasites that were also identified in P. falciparum and P. yoelii salivary gland sporozoite total proteomes (capping protein alpha and beta (44) , profilin (45) , etc.), we compiled the available struc- FIG. 1 . One-dimensional SDS-PAGE fractionation of sporozoite proteins. The one-dimensional SDS-PAGE separation of a P. yoelii salivary gland sporozoite whole cell lysate (flanked on both sides by a molecular weight (MW) marker) is shown with a bar graph representing the total number of high-quality (false positive error rate Ͻ 1.0%) peptide spectrum matches found from a single injection of each fraction after in-gel tryptic digest. Bovine serum albumin (BSA) from the purification protocol can be seen as the large band in fractions 9 and 10. In every other fraction, P. yoelii proteins were the major component.
tural and molecular data from all Plasmodium life stages, as well as from the related apicomplexan parasite Toxoplasma gondii, into a single preliminary model and determined which proteins were absent (gray in Fig. 2 ) or present in salivary gland sporozoites in P. falciparum (red in Fig. 2) , P. yoelii (yellow in Fig. 2 ), or both (orange in Fig. 2 ) (supplemental Table  S5 ). The relative abundances of the major components of the sporozoite glideosomes of both P. falciparum and P. yoelii sporozoites (as estimated by the NSAF) are consistent with current models of motility functions. For instance, the major coat protein CSP is robustly shed during gliding motility and is therefore one of the most abundant sporozoite proteins (18) . CSP was indeed among the most abundant Plasmodium proteins we identified in both P. falciparum and P. yoelii (fifth and twenty-second most abundant, respectively, as estimated by the NSAF).
Unexpectedly, two proteins thought to be restricted to sexual or asexual erythrocytic stage expression (Actin 2 (46) and Aldolase 2 (47), respectively) were detected in addition to the forms expected to be found in salivary gland sporozoites (Actin 1, Aldolase 1; see supplemental Table S5 ). Despite some sequence homology among various isoforms of actin found in both Plasmodium and Anopheles, Actin 2 (P. falciparum gene PF14 0124, P. yoelii gene PY01545) was confidently identified here by multiple non-degenerate peptides (peptides with sequences specific to the protein in question; see supplemental Table S1 ). The NSAF values suggest that Actin 2 is significantly less abundant than Actin 1 in sporozoites (10-fold in P. falciparum and 7-fold in P. yoelii). Aldolase 2 (P. falciparum gene PF14 0425, P. yoelii gene PY03709) is thought to be predominantly expressed in blood stage parasites. However, we saw strong evidence that it is present in   FIG. 2 . Components of the Plasmodium glideosome identified in sporozoite stages. The currently known components of Plasmodium's gliding motility and invasion machinery (the "glideosome") mainly identified from asexual blood stages and orthologs from Toxoplasma gondii are illustrated in this model and are depicted based on their presence in the sporozoite proteome. Sporozoite proteins are colored to indicated whether they were detected in P. falciparum sporozoites only (red), P. yoelii sporozoites only (yellow), both species (orange), or neither species (gray). Two shades of orange were used to provide contrast between the intertwined tubulin and F-actin molecules. The anchoring of CSP in the sporozoite plasma membrane occurs via a glycosylphosphatidylinositol anchor, whereas invasins do so via a transmembrane domain and a cytoplasmic C-terminal tail that interacts with aldolase through a conserved penultimate tryptophan (this interaction for Thrombospondin Related Anonymous Protein (TRAP)-related protein has not been experimentally validated and is indicated by a question mark). Aldolase 2 and Actin 2 were previously thought to be present only in blood stage parasites but were confidently identified in these experiments. They are marked with question marks, as their involvement in gliding motility has not been experimentally validated.
sporozoites; the protein was observed with very good sequence coverage (79% for P. falciparum, 61% for P. yoelii), and most of the peptides used to make the protein inference for Aldolase 2 were non-degenerate. Interestingly, we observed Aldolase 2 to be significantly more abundant than Aldolase 1 (4-fold in P. falciparum and 9-fold in P. yoelii). Because both Aldolase 1 and Actin 1 play a role in gliding motility in blood stage parasites, Aldolase 2 and Actin 2 have been included in our preliminary model for sporozoites as well.
Only three proteins implicated in glideosome function were not detected in sporozoites of either species: IMC1b, IMC1d, and Formin 1. Each of these proteins can theoretically generate several tryptic peptides that would be observable by means of mass spectrometry according to predicted charge and hydrophobicity (data not shown), yet not a single peptide matching the sequence of any of these three proteins was detected. Only the P. falciparum form of IMC1d and the P. yoelii form of Formin 1 have a pI greater than 8.5; otherwise there is no indication that the proteins should not be detectable via the methods described here. The absence of these proteins from our dataset might indicate that these proteins were present at levels below the detection limit of the assay, or that they were not actually present in the sample.
Calcium Signaling Pathways in Sporozoites-Several recent reports have demonstrated the importance of calcium signaling and related pathways for the proper response of Plasmodium blood stage parasites to external stimuli (48 -55) . As strong evidence exists that calcium signaling plays a role in microneme secretion and sporozoite dedifferentiation (55-57), we sought to determine which members of these pathways were present in sporozoites, implicating their involvement in pre-erythrocytic stages as well. Again, we have reconstructed the available data into a model with proteins shaded as before ( Fig. 3 ; absent, gray; P. falciparum only, red; P. yoelii only, yellow; both species, orange) (supplemental Table S6 ). Of particular note, we detected G-protein-coupled receptors, adenylyl and guanylyl cyclases, and a carbonic anhydrase, which might allow the sporozoite to detect external stimuli and trigger calcium-dependent signaling cascades. Internal calcium levels are likely affected by both SERCA and non-SERCA calcium pumps, along with two receptors (the inositol trisphosphate receptor and the ryanodine receptor). Although neither inositol trisphosphate receptors nor ryano- dine receptors have predictable ORFs in P. falciparum or P. yoelii, their associated actions could nonetheless be inhibited chemically (denoted by green shading) (58) . In turn, changes in calcium concentrations by these pumps and receptors can affect downstream effectors, such as calmodulin and the subset of calcium-dependent protein kinases (CDPK1, -4, -6, and -7) that are detected in sporozoites.
Putative Sporozoite Secretory Organelle Proteins-Many proteins thought to function during or shortly after parasite invasion typically localize to three types of apical secretory organelles: micronemes, rhoptries, and dense granules. Several key proteins and their associated mechanisms of invasion have been well characterized in the blood stage merozoite form of the parasite (59 -61) . Building upon these findings and what is known from sporozoite invasion studies, we sought to determine whether these proteins are also present in the highly infectious salivary gland sporozoite. To this end, we searched our total sporozoite proteomes for characterized Plasmodium apical organelle proteins described in the literature. In addition, we also extended our search to include proteins bearing significant amino acid similarity/identity to invasion proteins of a related apicomplexan parasite, Toxoplasma gondii. We detected proteins implicated at all points of the characterized invasion process, including those that localize to the micronemes (20 proteins detected), the rhoptry neck (6 proteins detected), the rhoptry body (20 proteins detected), and the dense granules (4 proteins detected) and which are typically released in this sequence before, during, and after host cell invasion (Fig. 4, supplemental Table S7 ). The appropriate signaling responses to specific external stimuli result in the ordered secretion of proteins to first promote gliding motility and traversal activities, thus enabling the sporozoite to migrate through the host's skin and enter the vasculature. When the sporozoite senses that is has arrived in the liver, additional proteins are released that are important for the traversal of the endothelial lining, invasion, and the productive infection of hepatocytes.
Validation of the Expression and Localization of a Low Abundance Sporozoite Protein-We next sought to validate our detection of low abundance proteins that could be constituents of the apical secretory organelles by attempting to detect one such representative protein from our P. yoelii data set. To this end, we created a transgenic P. yoelii parasite that bore a quadruple Myc tag on the C terminus of the PY01024 protein (supplemental Table S1 : one unique peptide, four peptide spectrum matches; lower 15th percentile of abundance as estimated by NSAF) via standard reverse genetics approaches. This protein was of particular interest, as it bore both a predicted signal peptide and sequence homology to a known transcriptional modulator family (CCAAT-box DNA binding proteins), and such a protein might take part in modulating the infected hepatocyte. The expression of PY01024myc in transgenic salivary gland sporozoites was observed in the anterior apical end of the sporozoite (Fig. 5) . Partial co-localization with PyRON4, a known rhoptry neck protein involved in parasite invasion, indicated that PY01024 also was localized to the neck of the rhoptries (26, 62) . Interestingly, this protein has to date not been implicated in sporozoite host cell infection, and thus further characterization of its role is certainly warranted.
FIG. 4. Proteins associated with the invasion organelles of Plasmodium sporozoites.
A composite model of known proteins identified in the apical invasive organelles mainly identified from asexual Plasmodium blood stages is illustrated in this model. Proteins are listed if they were detected in sporozoites. Orthologs of invasion-related proteins from Toxoplasma gondii were also detected (supplemental Table S7 ).
Sporozoite Surface-exposed Proteome Determination-Putative surface-exposed proteins from P. falciparum and P. yoelii salivary gland sporozoites were identified by specific labeling of live sporozoites with a biotin-conjugated, aminereactive cross-linker and subsequent pull-down by streptavidin-coated Dynabeads (Table II, supplemental Table S1 ). General biotin addition to proteins was confirmed via western blot (supplemental Fig. S2A ). Specific biotinylation of the major sporozoite surface protein CSP was also detected via western blot with monoclonal antibodies specific to P. yoelii CSP (supplemental Fig. S2B) , with similar patterns observed with monoclonal antibodies against P. falciparum CSP (data not shown). The affinity-captured proteins were fractionated via one-dimensional SDS-PAGE and analyzed via nanoLC-MS/MS in duplicate. P. falciparum proteins captured by means of surface-exposed labeling yielded 237 peptide spectrum matches, 57 unique stripped peptides, and 22 parasitespecific proteins (68% identified by multiple peptides; supplemental Table S1 ). A search of the results of duplicate nanoLC-MS/MS analyses of one-dimensional SDS-PAGE fractionated, surface-exposed labeled P. yoelii proteins against a P. yoelii database yielded 283 peptide spectrum matches, 66 unique stripped peptides, and 27 parasite-specific proteins (59% identified by multiple peptides), and searching the data against a P. berghei database yielded 96 peptide spectrum matches, 41 unique stripped peptides, and 24 parasite-specific proteins (50% identified by multiple peptides). Combining the P. yoelii and P. berghei search results yielded a total of 35 unique protein identifications. Comparison across the P. falciparum and P. yoelii/P. berghei data sets revealed 13 shared proteins. This biologically relevant subset of parasite proteins was identified despite the presence of a significant amount of soluble mosquito proteins also present in the solution (Table I) . Among all of the surface-exposed proteins identified were several known surface and secreted proteins: CSP, TRAP, thrombospondin-related sporozoite protein, apical membrane antigen-1, and a hexose transporter (63) . As was observed by Wass and colleagues (64) , several proteins associated with the glideosome that is located just below the plasma membrane (IMC1c; aldolase; actin; myosin; and glideosome-associated proteins with multiple membrane spans 1, 2, and 3) were also identified (discussed below). Additionally, many types of transporters (sugar, nucleotide, metabolite/drug), heat shock proteins, and several other uncharacterized proteins were detected. Lastly, the qualitative abundances of this proteome data set are consistent with previous work describing the relative expression of these proteins, with CSP being by far the most abundant for both P. falciparum and P. yoelii data sets (42) .
To provide preliminary experimental validation of the surface localization of these identified proteins, a triple HA epitope tag was appended to the C terminus of one representative candidate (PY00899, a hexose transporter) that bears 12 predicted transmembrane domains. The resulting transgenic sporozoites were subjected to an indirect immunofluorescence assay (supplemental Fig. S3) , and strong circumferential staining of the sporozoite was obtained with antibodies to the HA tag that co-localized well with CSP. These data support our observation that putative surface-exposed antigens were in fact captured through this cross-linking strategy.
DISCUSSION
Determining the presence of gene products at the various stages of the Plasmodium life cycle is critical to understanding FIG. 5 . Expression and localization of a representative low abundance sporozoite protein as detected via indirect immunofluorescence assay. The protein PY01024 (CCAAT-box DNA binding protein subunit B) was confidently identified in P. yoelii salivary gland sporozoites by means of mass spectrometry, but with poor sequence coverage (one unique peptide, four peptide spectrum matches) and low abundance (lower 15th percentile as estimated based on the normalized spectral abundance factor). To confirm the presence of the protein, a transgenic P. yoelii salivary gland sporozoite bearing a C-terminal 4xMyc tag on PY01024 was subjected to an indirect immunofluorescence assay with anti-c-myc (red) that confirmed the presence of the protein. Anti-PyCSP (circumsporozoite protein, a major surface protein; top, green) and the DNA label 4Ј,6-diamidino-2-phenylindole (DAPI) (blue) showed PY01024 to be located at the anterior apical end of the sporozoite. Anti-PyRON4 (Rhoptry Neck Protein 4, known to localize to the rhoptry neck; bottom, green) and DAPI indicated localization of PY01024 to the rhoptry organelles. Sporozoites are marked by dotted lines layered onto the differential interference contrast images on the lower panel for clarity. Scale bar ϭ 10 m.
TABLE II
A selected group of putative surface-exposed sporozoite proteins identified via biotin-conjugated cross-linker addition and capture with live sporozoites
The presence of predicted signal peptide sequences, transmembrane (TM) domains, and glycosylphosphatidylinositol (GPI) anchor sequences is indicated. Peptide spectra numbers (total and unique) and the presence of signal peptides, transmembrane domains, and GPI anchor sequences are listed for a subset of putative sporozoite surface proteins.
The complete listing is available in supplemental Table S1 . Total and Surface Proteomes of Malaria Sporozoites the parasite's mechanisms of infection (for the ookinete, sporozoite, and merozoite) and replication (the midgut oocyst, the liver stage schizont, and the blood stage schizont). To this end, we present here key findings for the most complete proteome coverage to date of the invasive salivary gland sporozoite stage for two species of the malaria parasite, P. falciparum and P. yoelii. Although a lack of mass spectrometric evidence for a protein does not necessarily imply that protein's absence from a sample, positive identification of a protein confers strong evidence of its presence, especially if the identification is corroborated by multiple unique PSMs, as was possible with Ͼ86% of the identified proteins. The highconfidence identification of proteins via mass spectrometry has enabled us to assess various features of the salivary gland sporozoite and reliably detect components of pathways that have been characterized only in other forms of the malaria parasite, which are more easily accessible for biochemical characterization. In the absence of any internal standards for absolute or relative quantification, we have used normalized spectral abundance factors to estimate relative protein abundance for our characterizations of these data. Proteins that were expected to be highly expressed and secreted in sporozoites were found to be among the proteins identified with the largest NSAFs. Furthermore, we have experimentally validated this approach through our successful detection of a low abundance protein of interest (PY01024) in the apical rhoptry organelles of P. yoelii salivary gland sporozoites. Careful sample preparation and improved purification protocols combined with mass spectrometric analysis using an LTQ Orbitrap Velos enabled the most complete proteome coverage to date of Plasmodium salivary gland sporozoites. Employing one-dimensional SDS-PAGE for whole cell fractionation, we were able to obtain 1991 P. falciparum salivary gland sporozoite protein identifications (86.6% identified by multiple peptides) from a single preparation of 10 7 purified sporozoites. Florens et al. (19) employed the MudPIT fractionation strategy (65) to identify 1048 proteins from P. falciparum salivary gland sporozoites, of which only 30.0% were identified by multiple peptides. The authors of that study did not discuss the extent of contamination by mosquito vector proteins, but it is notable that five separate preparations of 10 7 sporozoites were required in order to obtain the reported protein identifications. In their analysis of P. falciparum salivary gland sporozoites, Lasonder et al. (18) divided lysates of 10 7 cells into soluble and insoluble fractions, each of which was then fractionated via one-dimensinoal SDS-PAGE. Despite running up to four LC-MS/MS technical replicates, they were able to identify only 477 Plasmodium proteins (72.5% identified by multiple peptides) from the sporozoite sample. Their work clearly illustrates how host material contamination impedes the discovery of parasite proteins; only 31% of the proteins identified from their salivary gland sporozoite samples were of parasite origin, with the remainder being primarily contaminating mosquito proteins.
As illustrated here, the fractionation of complex samples prior to analysis, combined with mass analyzers with rapid duty cycle and high mass accuracy, enables increased protein identification. However, the success of protein discovery experiments is equally, if not predominantly, determined by the quality of the sample preparation. Sample preparation is a unique factor of the work presented here, as parasites were first manually isolated from infected mosquitoes, which presented opportunities for extensive contamination. With large variations in the dynamic range of host versus parasite proteins, the presence of contaminating proteins can obscure parasite analytes of interest. Furthermore, as the mass analyzer has a defined duty cycle, peptide spectra generated for contaminating protein tryptic peptides represent wasted instrument time and possible lost parasite protein identifications. In proteomic analyses of salivary gland sporozoites by others, as well as in our own initial attempt to analyze P. falciparum, a large proportion of mosquito protein in the sample resulted in significantly reduced parasite protein discovery relative to what was achieved with highly purified samples. The purification protocols used here (combined with a careful micro-dissection technique) facilitated a much more effective investigation of mosquito-stage parasites than has previously been reported.
Many components of the Plasmodium glideosome have been described only with respect to the asexual blood stages of infection. We have discovered that the vast majority of these glideosome proteins are also present in salivary gland sporozoites and are likely utilized in similar ways to generate a directional locomotive force toward the posterior of the sporozoite (Fig. 2) . Absent from our proteome datasets are only two proteins associated with the inner membrane complex (IMCb and IMCd) and another involved in actin dynamics (Formin 1). The amino acid sequences of these proteins contain domains that should result in detectable tryptic peptides, suggesting that these proteins are either of very low abundance or actually absent from the sporozoite glideosome. Interestingly, two proteins previously characterized as being stage-restricted to sexual and asexual parasites (Actin 2 and Aldolase 2, respectively) were confidently detected in relatively high abundance in sporozoites, along with the expected homologs. All together, the major components of the locomotive machinery and its supporting molecular infrastructure (microtubules, filamentous actin, and assembly/disassembly proteins) are present in our datasets.
As the sporozoite must properly detect and respond to various extracellular stimuli, it expresses a variety of plasmamembrane-associated sensor proteins. In the current version of PlasmoDB (Version 9.2), there currently are only one G-protein-coupled receptor, one rhodopsin-like receptor, and four serpentine-receptor-like proteins (SR1, SR10, SR12, and SR25) annotated for Plasmodium species (66). We have detected a subset of these receptors in salivary gland sporozoites (SR1, SR10, rhodopsin-like receptor, G-protein-coupled receptor), which the parasite might use to sense key attributes about its ambient environment, such as specific cues to indicate whether it remains in the mosquito vector or has been transmitted to the mammalian host. In conjunction with these receptors, both adenylyl and guanylyl cyclases are expressed in Plasmodium to produce cAMP and cGMP secondary messengers for downstream signaling events, which we have also detected in our sporozoite proteomes (67). These putative sensors can then feed into intracellular signaling cascades to stimulate the parasite to respond appropriately to its environment (e.g. maintain preparations for vector/host transmission, initiate motility/traversal/invasion programs). Interestingly, phospholipase C, a common enzyme in this signaling pathway, was not detected in either species. It is also noteworthy that tyrosine kinases, which have also been implicated with phospholipase C in producing inositol 1,4,5-trisphosphate in other eukaryotes, are apparently absent from Plasmodium genomes (68) . Finally, we detected a non-SERCA type calcium pump (also called ATPase 4) that also likely affects this signaling pathway and has been reported to traffic to punctate foci near the parasite periphery in infected RBCs (69) . However, little is known about its functions, including into what intracellular space it pumps calcium.
Plasmodium parasites are able to store calcium at least in part because of a SERCA-type calcium pump (also called ATPase 6 or ATP6, detected in both species) that drives free calcium ions from the cytoplasm to the endoplasmic reticulum. Several reports have implicated ATP6 as a target of the front-line artemisinin family of antimalarials (70) , but recent efforts have demonstrated that this is not the case (71, 72) . However, these calcium stores can be released from the endoplasmic reticulum to the cytosol by increased levels of inositol trisphosphate, likely via a yet-to-be-identified inositol trisphosphate receptor or ryanodine receptor associated with the endoplasmic reticulum (51) .
Upon receiving external stimuli (such as highly sulfated heparan sulfate proteoglycans, albumin, or bicarbonate) that indicate that the sporozoite has arrived in the mammalian host (reviewed in Ref. 3), the parasite engages its gliding motility machinery to make its way through the skin, into the vasculature, and finally into the liver. Therein it undergoes a rapid dedifferentiation process that is associated with a rapid increase of intracellular calcium levels (56) . This free calcium not only induces secretion by the micronemes during motility and invasion, but also can be utilized by calmodulin in remodeling itself structurally in order to act upon downstream effector molecules, such as calcium-dependent protein kinases (CDPKs). Several recent studies have shown that CDPKs are important for parasite infectivity and transmission, and not surprisingly, at least two substrates of CDPK1 (GAP45 and MTIP) are members of the glideosome apparatus required for both processes (52, 73) . Interestingly, only CDPKs 1, 4, and 7 were detected in both sporozoite datasets, with CDPK6 being solely identified in P. falciparum as well. The estimated abundances of these proteins were sufficiently high to make the absence of CDPKs 2, 3, and 5 especially noticeable (supplemental Table S6 ). Lastly, another sporozoite sensor of host arrival is the detection of increased external bicarbonate levels (74) , and this has been implicated as a key stimulus triggering the sporozoite to become invasive. We have detected that both P. falciparum and P. yoelii express a cytosolic carbonic anhydrase (type II) that might function in this process, as it converts CO 2 and H 2 O to bicarbonate and hydrogen ions. The balance of these molecules might play a role in responding to external stimuli.
The end result of responses to the host environment is the ordered activation and secretion of components of the invasion organelles (micronemes, rhoptry necks, rhoptries, and then dense granules/exonemes) in order to productively infect the host hepatocyte (reviewed in Ref. 75 ). The protein composition of these organelles has been scantly studied in sporozoites but has been better characterized in the blood stages. Using this information in aggregate, we have determined which apical organelle proteins are detected in the sporozoite (supplemental Table S7 ). In addition to the canonical proteins known to be abundant in and secreted from sporozoites (e.g. CSP, TRAP, AMA1, SPECT, SPECT2, CelTOS), we have also identified proteins not previously identified in Plasmodium sporozoites (e.g. SUB2, Pf34, RON6, RAP1, CLAG3.2, RhopH2, RhopH3, RAMA, RALP1, and ASP/ RON1). The precise subcellular localization of the latter proteins in sporozoites awaits further validation, but our data set will serve as a good starting point for further characterizing apical secreted proteins. For instance, whereas sporozoite rhoptries are easily identified based on morphology, micronemes and dense granules have so far not been clearly distinguished, and published claims have placed some proteins (e.g. SUB2) in one or the other organelle (76, 77) . Thus, our data set will also enhance the clarification of sporozoite cell biology. Moreover, we uncovered a novel putative rhoptry-neck-localized protein (PY01024) through our efforts to experimentally validate our approach of using spectral counting as a general proxy for protein abundance in these analyses. Also, we have identified several secreted proteins that are present in our analyses of P. yoelii sporozoites but absent in those from P. falciparum sporozoites. Most noteworthy of these is UIS3, which was also absent in a previous proteomic effort to characterize the P. falciparum sporozoite (18) . Understanding the similarity in the roles these secreted proteins play during infection across malaria species, or whether they have been adapted for additional sporozoite-specific roles, will improve our knowledge of how the parasite navigates its transmission to the mammalian host. Moreover, it can guide our efforts to strategically drive vaccination efforts.
The combination of our improved sporozoite purification methods with careful mass-spectrometer-based identification and informatics analysis have now allowed the biochemical labeling and proteomic assessment of targeted protein groups. For instance, the identification of additional surfaceexposed proteins could prove exceptionally useful in aiding the design of antibody-based vaccines to prevent infection by sporozoites, and thus malaria. Although CSP induces an immune response against sporozoites, recent studies have demonstrated that antibodies to other sporozoite proteins play a large role in limiting infection (78, 79) . Because of the medical relevance of such a finding, we chose to biotinylate putative surface-exposed sporozoite proteins on live sporozoites, enrich for them from whole parasite lysates by virtue of the tight interaction of biotin with streptavidin-conjugated Dynabeads, and then detect and identify even very low abundance proteins. Because we were able to observe the biotinylation of CSP and other proteins via our initial metric (western blotting), we subjected these samples to mass spectrometric analysis. In addition to the "gold standard" proteins that have been shown to traffic to the sporozoite surface prior to (e.g. CSP, hexose transporter (supplemental Fig. S3 )) or following sporozoite activation (e.g. TRAP, thrombospondin-related sporozoite protein, apical membrane antigen-1), we have identified several novel surface-exposed proteins as well. Many of these proteins exhibit signal peptides and either transmembrane domains or a glycosylphosphatidylinositol anchor sequence and additionally are predicted to have functions consistent with a surface localization, such as the active transport of small molecules into and out of the sporozoite (Table II, supplemental Table S1 ). Moreover, several other putative surface-exposed proteins that we have also identified bear no predictable functional domains and have not been previously characterized. Altogether, these proteins warrant further investigation to determine their roles in sporozoite biology, to provide additional experimental validation of their localization in sporozoites, and ultimately to determine whether targeting them with antibodies would inhibit sporozoite motility, cell traversal, and invasion capabilities and thus block sporozoite infection.
It is important to point out that within the putative sporozoite surface proteomes we also observed proteins associated with the glideosome, which is a subsurface complex. These proteins were also detected by Wass and colleagues in their efforts to determine the ookinete surface proteome using similar approaches (64) . In their studies, the detection of these glideosome proteins was experimentally explained by the partial permeability of the parasite plasma membrane to the cross-linking agents. This hypothesis was confirmed by the increasing accessibility of propidium iodide to the parasite under the progressive conditions used in the cross-linking process. We believe a similar phenomenon is occurring in our hands with sporozoites as well. Because of this, we have placed stronger confidence in the designation of proteins as surface localized if they are predicted to have a signal peptide and either a transmembrane domain(s) or a predicted glycosylphosphatidylinositol anchor (Table II) , as proteins detected from the glideosome do not fit these criteria. However, as this is not a strict requirement for surface localization, it will be critical to further characterize and validate the localization of these proteins.
In conclusion, the sample preparation and LC-MS/MS techniques described here for uncovering the total and putative surface proteome of Plasmodium sporozoites have demonstrated that careful sample preparation and purification techniques are required in order to produce high-quality proteomic data, especially when sample amounts are limiting. In anticipation of the great effect that further proteomics efforts will have on our understanding of the malaria parasite, we have made our high-mass-accuracy peptide detection data freely available in PeptideAtlas, which we hope will expedite high-confidence peptide identification in future efforts. Not only have these data sets yielded a valuable resource for ongoing experimentation with pre-erythrocytic stages of the parasite and for constructing more comprehensive models of their functions, but they also have produced potentially novel targets for producing humoral immunity. Currently the most advanced malaria vaccine (RTS,S, GlaxoSmithKline) induces an immune response to a single recombinant fusion protein containing a repeat domain from the major surface-exposed sporozoite coat protein (CSP) by fusing it to a highly immunogenic hepatitis B antigen. The initial results of an ongoing Phase 3 trial of this vaccine indicate that this approach provides only moderate levels of protection (12, 13) . We propose that antibody-based vaccine efficacy could perhaps be significantly improved by producing a multivalent malaria subunit vaccine. Should one or more of these newly characterized surface-exposed antigens prove to be an effective antigen, it could be combined with CSP to induce a broader immune response to Plasmodium parasites and provide greater levels of protection. Taken together, the salivary gland sporozoite proteomes of P. falciparum and P. yoelii have provided further insights into critical aspects of basic sporozoite biology, and have also identified potentially targetable components of large multi-protein complexes necessary in order for the sporozoite to infect within a new host.
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